ABSTRACT
INTRODUCTION

43
Muscle fatigue is defined as a transient and recoverable decline in muscle force or power Grass Technologies, Warwick, U.S.A.) and put in an acrylic cuvette containing 1.7 ml of 136 physiological saline. The physiological solution was constantly bubbled 95% O2-5% CO2 and 137 changed every 15 min.
138
Force was measured in all FDB bundles to make sure that the force changes during 139 fatigue were the same for all measured metabolites. FDB bundles were allowed 30 min 140 equilibrium after the muscle length had been adjusted to give maximum tetanic force. During contractions was reduced to 1 sec. For the recovery period, the contraction interval was returned 144 to 100 sec. Pulses were generated with a Grass S88 stimulator and a Grass SIU5 isolation unit
145
(Grass Technologies, Warwick, U.S.A.). The stimulating platinum wires (4 mm apart) were 146 located on opposite sides of the bundles.
147
Tetanic force was monitored using a FT03 force transducer connected to a Grass 148 physiograph (Model 79E, Grass Technologies, Warwick, U.S.A.). Tetanic force was defined as 149 the force generated upon stimulation and calculated as the difference in force at the maximum 150 height of contraction and the force just prior to the stimulation. As FDB bundles were flash-151 frozen for metabolite measurements; so, a separate experiment was carried out to measure if where F Normalized was the normalized force in N/cm 2 ; F Measured , the measured force in g; CF, the 8 Scott et al., 2015 Revision #3 g/cm 3 . During fatigue, the baseline increased (Fig. 1A) , especially in Kir6.2 -/-FDB. This force, 160 named unstimulated force (13), was calculated as the difference in force measured just before a 161 stimulation and the one measured just before fatigue was elicited.
162
METABOLITE MEASUREMENTS
163
At specific times before, during or after fatigue, FDB bundles were freeze-clamped with 164 clamps pre-cooled in liquid nitrogen and kept at -80°C until used. Usually, metabolite extraction 165 starts by pulverizing muscle tissues in a mortar filled with liquid nitrogen. However, FDB 166 bundles wet weight ranged between 1 and 2 mg with a significant amount of tendons that can 167 caused erroneous metabolite determinations. So, bundles were lyophilized overnight 168 (Freezemobile, 6, Virtis, USA) to allow us to separate muscle fibers from tendons at room 169 temperature and only weighed muscle tissues using an ultra-sensitive Metler ME30 balance (µg 170 range). PCr, ATP, ADP, AMP, IMP and lactate were extracted by adding 500 µl of ice cold 6% 171 perchloric acid to 100-500 µg of dry fibers. After sonification (sonic Dismembrator, model 100,
172
Fisher Scientific) at maximum power for 15 sec, solutions were centrifuged 30 min at 1,000 g were neutralized with ice cold 3 M K 2 CO 3 and the K + salt centrifuged during 15 min at 1,000 g 175 and 4ºC. PCr and lactate were determined enzymatically as described by Passoneau and Lowry 176 (37). Briefly, PCr was determined using a creatine kinase, hexokinase and glucose-6-phosphate 177 dehydrogenase system. Lactate was determined using a lactate dehydrogenase and pyruvate-178 glutamate transaminase (to push the reaction toward pyruvate formation) system. The increase in 179 fluorescence from NADPH (produced by glucose-6-phosphate dehydrogenase) and NADH
180
(produced by lactate dehydrogenase) was measured using a Perkin Elmer fluorimeter (Model 181 LS50B, USA). Lactate was also determined in the physiological solutions, which was first 9 Scott et al., 2015 Revision #3 lyophilized (1.6 ml) and reconstituted into 500 µl of water to concentrate lactate. Solutions were 183 centrifuged at 1,000 g to remove insoluble salt and lactate was measured as described above. 
190
Quantification was achieved using calibration curves that were generated by plotting anlyte to 191 internal standard peak ratio against known concentrations.
192
The electrospray ionization source was operated in the negative ion mode at a capillary 
198
Chromatographic separation was performed on Hypercarb column (2.1 x 100 mm, 5 µm,
199
Thermo Scientific). Mobile phase A was 10 mM ammonium acetate that was adjusted with 200 ammonia to pH 10 and mobile phase B was 100% acetonitrile. The gradient program was as 201 follow: 0-2 min 95% of A, 2-3.5 min from 95% to 88% of A, 3.5-7.5 min at 88% A, 8.5-12.5 202 min at 50%A, and then back to 95% of A to recondition the column for 5.5 min. The flow rate 203 was 0.3 mL/min and the column temperature was maintained at 35°C. The injection-to-injection 204 time was 18 min. adding 6 µl 1.5 g/L amyloglucosidase and incubating at 37ºC for 4 hours. Glucose content was 209 determined enzymatically, as described by Passoneau and Lowry (37) using an hexokinase and 210 glucose-6-phosphate (G-6-P) and NADPH were measured as described above.
211
For glucose uptake and oxidation, FDB bundles were first exposed 10 min to a 212 physiological solution with zero glucose to wash out the interstitial glucose before being exposed 213 to a normal physiological solution containing a glucose marker. Glucose uptake was measured 214 using 2- (1994) , with a few modifications. Briefly, FDB bundles were exposed to 2.0 µCi/ml of 2- Scott et al., 2015 Revision #3 solution bubbling was immediately stopped to prevent any loss of 14 CO2 after the addition of D-
230
[6-14 C]glucose. After the freeze-clamping, bundles were quickly placed into rubber-capped vials 231 and exposed to 1 ml of ice cold 1 M sulfuric acid, injected through the vial cap using a syringe.
232
Liberated
14
CO 2 was trapped inside the vial using 0.5 ml tubes containing 300 µl benzethonium 233 hydroxide. Vials were kept at 4°C to prevent any further metabolic reactions from occurring.
234
Physiological solutions were also transferred to rubber-capped vials and injected with ice-cold 235 PCA to give a final concentration of 6%. Vials were kept at room temperature and liberated bundles were lyophilized, fibers separated from tendons and weighted as described above.
243
INDIRECT CALORIMETRY OF MICE
244
Whole-body oxygen consumption (VO2) and carbon dioxide production (VCO2) were 245 measured using a four chamber Oxymax v5.11 system (Columbus Instruments, Ohio). Mice 246 were fed ad libitum and isolated in 2.5 L chambers for 24 hours. Mice were allowed 4 hrs of 247 acclimatization before VO2 and VCO2 were sampled for one min with a settle time of two min,
248
and an airflow rate of 0.5 L/min. All recording started in the afternoon. The temperature was 249 maintained at 24°C and light was present from 7:00 to 19:00 hrs.
250
FIBER TYPING
251
FDB were embedded in a small amount of Tissue-Tek optimum cutting temperature 252 (Sakura Finetek, Torrance, CA) compound before being frozen in isopentane precooled in liquid 12 Scott et al., 2015 Revision #3 nitrogen. Muscles were stored at -80°C until analysis. Serial 10-µm-thick cross sections were cut 254 from the mid belly of each muscle using a cryostat (Leica Microtome, HM 500M) cooled to - than 2% of the pre-fatigue tetanic force during the entire 180 sec fatigue bout (Fig 1D) Next, we measured how much glucose is transported from the extracellular space and 335 how much glycogen was hydrolyzed to estimate the total amount of glucosyl units entering 336 glycolysis. Glucose uptake was measured using 2-3 H-DG, a glucose marker, because once 337 phosphorylated it becomes trapped in the sarcoplasm. However, 2-DG-Pi cannot be further 338 metabolized and can inhibit hexokinase (21). To allow for normal glycolysis during fatigue, we 339 could not replace 5 mM cold glucose with 5 mM cold 2-DG as it is normally done (32). GLUT1 340 and GLUT4 are the two glucose transporters expressed in skeletal muscle. To make sure that the 341 affinity of both transporters is the same for glucose and 2-DG, we measured the uptake of 2-3 H-
342
DG in the presence of either 5 mM glucose or 5 mM 2-DG. One group of FDB muscles were 343 from mice that had been fasted for 16 hrs to minimize the cell membrane GLUT4 content to best 16 Scott et al., 2015 Revision #3 estimate glucose and 2-DG transport by GLUT1, while another group of FDB were exposed one 345 hr to 1,000 µU/ml of insulin to maximally increase the sarcolemmal GLUT4 content (32). As 346 expected, insulin significantly increased 2-3 H-DG uptake when compared to control. However,
H-2-DG uptake under control or insulin conditions was not significantly different between 348 physiological solutions containing 5 mM glucose or 2-DG (Fig. 3 ). This suggests that GLUT1 349 and GLUT4 have similar affinity for glucose and 2-DG.
350
In resting FDBs, glucose uptake was slightly but not significantly greater in wild type Notably, the glucose uptake measured at the same time from unfatigued wild type FDB was not 362 much lower than for those that had been fatigued, whereas the difference was much larger for -activated AMPK, which during non-metabolic stress condition favors glycogen 470 synthesis possibly because AMPK also increases glucose uptake (15; 34).
471
GLUCOSE UPTAKE AND GLYCOGEN BREAKDOWN DURING FATIGUE
472
Glucose uptake increased during the fatigue bout and the calculated activity-dependent During the first 60 sec of fatigue, the glycogen breakdown was 2.6-fold greater in (Fig. 1) that allows for its recovery in wild type FDB. We also suggest that the impairment of glycogen 574 mobilization and oxidative phosphorylation, as discussed above, also contributed to the lack of 575 ATP recovery despite the fact that Kir6.2 -/-FDB generated more ATP during the fatigue period 576 than its wild type counterpart as discussed below.
557
ENERGY BALANCE DURING FATIGUE
577
We also observed that the further loss of ATP during the last two min of fatigue in 578 Kir6.2 -/-FDB was not associated with an increase in IMP content. Instead, there was a significant 579 loss of adenylates (for reasons that cannot be explained from the data obtained in this study).
580
Thus, the loss of adenylates constitutes another metabolic dysfunction in addition to the 581 dysfunctional glycogen mobilization and oxidative phosphorylation. The amount of ATP generated from PCr was higher in wild type than in Kir6.2 -/-FDB, 583 being respectively 57 and 44 µmoles/g dry weight (Fig. 9C) level at the end of fatigue. The next source of ATP is from the conversion of glucose to lactate.
586
Taking into consideration 1 ATP per lactate from glucose, 1.5 ATP per glucose moiety from 587 glycogen and using the glycogen/extracellular glucose proportion contributing to the amount of 588 glucosyl unit entering glycolysis, we estimated that wild type FDB generated 36 µmoles/g dry 589 weight of ATP compared to a lower 30 µmoles/g dry weight in Kir6.2 -/-.
590
The ATP generated from extracellular glucose oxidation was directly calculated from the where S1 and S2 are the S.E. and n1 and n2 the sample size of each of the two means.
832 § Mean glucose uptake was significantly greater than at 0 sec of fatigue. 
